Since polarimetry has extended its use for the study of scattering from surfaces and tissues, Spectralon, a white reflectance standard, is acquiring the role of a polarimetric standard. Both the behavior of Spectralon as a Lambertian surface and its performance as a perfect depolarizer are analyzed in detail. The accuracy of our dynamic polarimeter, together with the polar decomposition to describe the Mueller matrix (MM) depolarizing action, combine to produce a powerful tool for the proper analysis of this scattering surface. Results allowed us to revisit, for confirmation or revision, the role of some MM elements, as described in the bibliography. The conditions under which it can be considered a good Lambertian surface are specified in terms of incidence and scattering angle and verified over a large wavelength range.
Introduction
Since Spectralon was made up and commercialized by Labsphere Inc. in 1986 [1] , it has been used in reflectometry as the closest commercial material to a perfect Lambertian surface. Regardless the angle of scattering, the brightness of a Lambertian surface to an observer is the same. That is why the existence of this kind of surfaces is essential as diffuse reflectance standards, integrating spheres manufacture or high-precision equipment calibration.
Spectralon is composed of polytetrafluoroethylene (PTFE) powder heated and compressed in a special process that conforms a thermoplastic resin. The hardness of this material is similar to that of highdensity polyethylene. It is thermally stable up to temperatures over 350°C, chemically inert, and hydrophobic. Spectralon has a strong diffuse reflectance, generally more than 99%, over the UV-Vis-NIR region of the spectrum, and its surface and subsurface, structured as a porous network of thermoplastic, exhibit its characteristic reflectance behavior.
Bidirectional diffuse reflectance function (BRDF) of PTFE powder has been studied widely [2] , as well as Spectralon Lambertian behavior for unpolarized light at normal illumination [3] . In the last years, the influence of speckle effects in BRDF laser measurements for the Spectralon has been reported by different authors [4] [5] [6] as well as the role of Spectralon from a spectropolarimetric point of view [7] [8] [9] [10] . More recently, some researchers have made an effort pursuing a complete polarimetric description of the Spectralon [11, 12] . All these studies have often been done by giving priority to some polarization parameters, scattering angles, wavelengths or, in many cases, by driving the attention to common reflectometry applications. Since there are several new areas related to the surface polarimetric analysis, such as tissue exploration [13] and oral disease diagnosis [14] in medicine, imaging polarimetry [15, 16] , or equipment testing [17] , mastering the full polarimetric response of surface reflectance standards is an important scientific objective.
For a scattering system illuminated by a given incident wavelength, the Mueller matrix (MM) is a complete polarimetric result, in the sense that it contains all information about the scattering properties of a system, as far as intensity and polarization of the scattered radiation are concerned. The measurement of the MM is a way for characterizing some features of a scattering system, a part of the so-called inverse problem that is a nonunique process. There has been much work trying to exploit its capabilities by connecting MM properties to those of the scattering system, either optical or geometrical ones [18, 19] . In the case of highly depolarizing systems, the elements of a MM show a strong mixture of pure and depolarizing properties and some special analysis is required to separate them [20, 21] . Handling the polarization states and the MM algebraic properties [22, 23] , a comprehensive polarimetric description of the Spectralon reflectance standard in a wide visible range can be made. Following this idea, in a recent work [12] , authors try to describe a single wavelength MM associated to the reflectance of an Spectralon surface, for a range of incidence and scattering angles. They also try to extract information by using a empirical model. As shall be briefly commented later in this work, such a model is not very appropriate because of its strong dependence on both the sample and the experimental setup.
The aim of this research is to make this comprehensive study of the scattering behavior of Spectralon by means of a full polarimetric analysis within the visible spectrum (at 488.0, 520.8, 530.9, 568.2, and 632.8 nm) and in a broad range of scattering geometries. First, we want to determine the geometrical conditions, in terms of scattering angle and angle of incidence (AOI), for which Spectralon can be considered a Lambertian surface. Second, we want to examine the quality of Spectralon as a depolarizer within the same conditions. This procedure will provide us with guidelines for the right use of Spectralon not only in reflectance but also in polarimetric measurements.
Experimental Setup
The dual rotating compensator polarimeter (DRCP) developed in our labs is an improvement of a previous setup [21] , in which a multiwavelength source and a pair of high-quality achromatic waveplates have been implemented. It consists of a laser source, a polarization state generator (PSG), composed of a polarizer and a rotating quarter-wave plate, a sample holder, a polarization state analyzer (PSA), composed of a rotating quarter-wave plate and an analyzer, and a detector. A long focal-length lens is placed after the laser and before the PSG in order to control the spot size (0.6 mm at the sample location) and beam divergence. A diaphragm, followed by a short focal-length lens, is placed after the PSA and before the detector, to improve both the angular resolution and the overall detector surface illumination. An Ar:Kr laser is able to produce 15 wavelengths in the range from 450 to 568 nm, each of them with a power over 4 mW and a beam diameter under 0.7 mm. This laser is equipped with a light-feedback regulation system to ensure beam stability. Another laser source (He:Ne laser with an output power of 10 mW at λ 632.8 nm) was used to complete the set of measurements. All the elements between the laser source and the detector are achromatic, from 465 to 640 nm. Quarter-wave plates were previously calibrated over the spectral region of interest, matching the manufacturer specifications and behaving almost identically, something that is important for the correct calculation of the MM with a dynamic polarimeter [24] . Both waveplates rotate synchronously with a speed ratio of 5∶2, and the joint transmittance describes a Fourier cycle [25] that is related to the polarizer azimuth and the quarter-wave plates azimuthal origin and true retardance. This Fourier cycle can be used to obtain the complete MM of a scattering sample (either transmitting or reflecting), located between the PSG and the PSA, by means of a numerical inverse Fourier transform. The PSA Detector couple is mounted on the arm of an automated rotor to select the scattering angle, which cover a range from θ −90°to θ 90°, measured from the surface normal and taken positive toward the forward quadrant, except for a blind region of 20°around the backscattering direction. The angular step between successive measurements is taken in multiples of 0.5°, adequate for an estimated angular resolution of 0.25°. The sample is on a rotating stage in order to control the AOI (defined positive and measured from the surface normal). The sample holder is on a tilt rotating platform with a XYZ nanopositioner, in order to allow for an accurate alignment as well as a good angular precision (0.1°). Figure 1 shows a schematic vision of the DRCP (a) and the scattering geometry (b).
A complete set of calibration measurements was done for each laser wavelength. The calibration process consists of a set of 200 measurements, in order to complete a cycle with all possible combinations of the PSG and PSA systems. This procedure is identical for each experimental measurement shown in this work, and produces redundant polarimetric information ready to be processed by an inverse Fourier transform algorithm. Table 1 shows a no-sample transmission measurement for four wavelengths (488.0, 520.8, 568.2, and 632.8 nm). For all five wavelengths analyzed in the range from 488.0 to 632.8 nm, the experimental error associated to the MM elements is kept smaller than 1% [21] , as can be noticed by observing the small deviations with respect to the Identity 4 × 4 matrix (I 4×4 ) in the Table 1 .
The sample analyzed in this work is a certified Spectralon standard (SRS-99 [1] ), provided by Labsphere Inc. All measurements were taken inplane. After testing the physical reliability by the Cloude's coherency criterion [26] (a very important, and often neglected check), it was found that all the experimental MMs were reliable and the MM analysis is justified in all the cases analyzed.
Mueller Matrix Interpretation
The knowledge about a system comes not only from an accurate measurement of its MM, but also from its correct analysis. A common procedure is the MM decomposition (i.e., expressing it as a product-or sum-of several matrices). This is a good option for understanding Spectralon surface scattering, because of its highly depolarizing behavior, a property that can be accounted for under such procedure by means of a specific matrix. For instance, polar decomposition (PD) [22] , and in particular forward PD [23] , introduces three matrices in the following way:
representing independent physical actions of the system on the polarimetric properties of the scattered light, respectively: M D (diattenuation), M R (retardation), and M Δ (depolarization), in their operating order [27] . If it is proved that a particular feature of the system is related to any of the parameters contained in such matrices, a direct way of analysis is then opened. Since the PD is an MM algebraic transformation, all results obtained can be applied to conventional polarimetry through an adequate manipulation of the MM elements, m ij . It is worth remembering here that forward-PD is a choice among other possibilities [28, 29] . Because we don't have a system in which some of its physical constituents act sequentially or spatially inhomogeneously on the incoming light, forward-PD may be simple enough and sufficient for this analysis.
For the diattenuation matrix [22] , M D t 1 ; t 2 ; α; β, parameters α and β are the azimuth and ellipticity of the diattenuator principal axis, respectively, and t i is the transmittance through the i principal axis. The retardation matrix, M R ϕ; δ; ρ, contains a phase parameter, δ (representing the ability of the system to introduce some phase retardation between both orthogonal components or retarder eigenstates), an azimuthal parameter, ϕ (that represents the eigenstates orientation origin), and the angular parameter, ρ (representing the optical rotation [13, 30] ). The last operating matrix, particularly interesting for the purpose of this work, is M Δ [27] . This matrix informs about the depolarizing processes taking place within the system, mostly produced by multiple scattering or other incoherent processes [20] .
By introducing the total transmittance (hereafter reflectance, because of the system geometry) for unpolarized incident light (m 11 element of MM), M Δ , can be expressed as Nine depolarization parameters appear in M Δ ; three of them (a i ) are symmetric and closely associated with retardance, another three (z i ) are related to polarizance, P Δ , i.e., the polarization capability of M Δ for unpolarized light, and the three diagonal parameters (d i ), are referred to as principal depolarization parameters [27] . For an ideal Lambertian surface, an isotropic homogeneous depolarizer, only the total reflectance for unpolarized light, m 11 , should differ from 0.
Finally, it is worth remembering here two basic, but often forgotten, features of MMs, that are particularly important when such matrices have been experimentally obtained. First is the Cloude's coherency criterion [26] , a condition to be satisfied by a MM in order to be physically reliable. Second, the degree of polarimetric purity of a physical MM, PM [31, 32] , must satisfy the condition 0 ≤ PM ≤ 1:
PM 0 corresponds to a completely depolarizing MM, while PM 1 means a pure MM. Whereas calculated MMs are pure (PM 1), unless some kind of incoherent averaging is made on the system (time, incident or scattering wavevectors, wavelength, etc.), experimental MMs are intrinsically partially unpolarized.
Results and Analysis
Two basic reflectance configurations are analyzed in this work: normal and oblique illumination. In both cases the polarimeter has a blind angular window when detecting around the backscattering direction. This is a common feature in reflectance measurements produced by the detection system, by the illumination system or even by both of them, depending on the particular arrangement of each experiment. This problem can be solved by some reflectometer designs [33, 34] , but its implementation is not accessible for our polarimetric technique. For normal incidence, the angular distribution of the scattered light is symmetric for any scattering plane, and the blind window is located around the surface normal. For oblique incidence, however, patterns are no longer symmetrical when observing within the plane of incidence, and the center of the shadowed region, always in the backscattering direction, moves away from the surface normal (see Fig. 1 ).
Analyzing the Lambertian behavior of a surface involves, first of all, direct comparison of m 11 and cosθ, independently of the AOI. In order to simplify this fit, m 11 has been normalized. Ideally it should be normalized to its value in the direction perpendicular to the surface. For AOI > 20°such value is available and the normalized value of the reflectance is obtained according to the following weighted expression, in which three values are used in order to reduce the effect of the noise:
For AOI ≤ 20°(including normal incidence) such value lies in the blind region, and we have chosen to directly fit the m 11 plot to a cosine, in the interval of available values [−90°, 90°], thus producing a criterion almost identical to the previous one. MM elements are normalized to its corresponding m 11 element, a common procedure in MM data management.
A. Normal Illumination Figure 2 shows the typical behavior of the MM elements for normal illumination (AOI 0°) as a function of the scattering angle (θ) for λ 520.8 nm (Lambertian diffuser is plotted in red over the m 11 values). In Fig. 3 the behavior of element m 11 is shown for all analyzed wavelengths. These plots are close to their Lambertian curves, with a deviation smaller than 5% in all cases, unlike the results shown in [12] , where deviations of m 11 were apparently much larger.
We summarize these results in Eq. (5), where only the m ij elements with significant deviations from zero are printed (let's remember that the perfect depolarizer case corresponds to m ij 0, except for m 11 ). The rest of m ij elements, averaged over all scattering angles, are zero within the relative error, <1%, and this stands for the spectral interval between λ 488.0 nm and λ 568.2 nm. For all MM elements, which noise observed in the angular variation corresponds to the angular size of the speckle, that is not completely averaged by the collecting system because of the high angular resolution imposed on the measuring system (this contribution will be analyzed in depth in 
1. Incident Light-Based Analysis Except for m 11 , all of the nonzero elements become inactive for incident unpolarized light (first column is the only one acting on a Stokes vector of the form h 1 0 0 0i T ), but for polarized light the small nonzero elements have some particular effects: (i) If the electric field oscillates parallel (ppolarized) or perpendicular (s-polarized) with respect to the scattering plane (Stokes vector equal to h 1 1 0 0i T , respectively), the reflectance of a Lambertian surface should not be able to distinguish between both polarization states. However, elements different from zero in Spectralon's MM indicate that, under polarized illumination, BRDF is polarization dependent in proportion to those elements. The influence of m 22 , m 32 and m 12 (in this order) is nonnegligible and, in particular, element m 12 < 0 affects intensity selective absorption by introducing diattenuation (the surface scatters more s-than p-polarized light). Because of that, BRDF-sscopolarized (BRDF-ss) light measurements should be different from BRDF-pp ones, and also for crosspolarized light ones, as it is known [1, 9] , in connection with the elements in the MM second column. In our case, in the wavelength range from 488.0 to 632.8 nm, BRDF-ss (or BRDF-sp) should be higher than BRDF-pp (or BRDF-ps, respectively), in good agreement with results shown in [12] at λ 530.9 nm. Moreover, in the spectral range analyzed BRDF function verifies that BRDF-ss > BRDF-pp > BRDF-sp > BRDF-ps. Though this result agrees reasonably with previous research [7, 8] , it shows a slight change in Spectralon polarimetric behavior as the wavelength goes shorter than 488.0 nm.
(ii) When incident light is linearly polarized out of s or p axis, element m 23 becomes important. For instance, for 45°oriented linear-polarized light (Stokes vector equal to h 1 0 1 0i T , respectively), it transforms an amount of linear out-ofaxis-polarized light into linear p or s-polarized. These cases serve as a summary of the Spectralon response to the incident polarization, although obviously many others could be chosen.
Polar Decomposition Analysis
General considerations on structure and symmetry can be very useful. For instance, the symmetric behavior of m 32 and m 23 has been understood as the contribution of a rotated dichroic retarder [12] . However, this interpretation is not always correct being limited to only a few values of rotation and dephase that are able to reproduce such result. Concerning the matrix symmetry and structure shown in Eq. In what follows, we have proceeded under a more transparent scheme, i.e., by performing the forward-PD of the experimental MM. Equations (6a)- (6c) show an example of forward-PD over an average MM (AOI 0°, λ ∈ 488.0; 568.2 nm) with threedecimal precision. Equation (6a) shows the average MM within that spectral range, Eq. (6b) shows forward-PD as a product of a depolarizing MM (M Δ ) and a pure MM (M Pure ), and Eq. (6c) includes the development of M Pure in two separate parts: the retarding matrix (M R ) and the diattenuation matrix (M D ). The resulting polarimetric elements are a linear diattenuator with its principal axis aligned with the scattering plane direction and its normal (M D t 1 0.485; t 2 0.515; α 0°; β 0°) followed by an elliptical retarder [27] (M R ϕ 7.14°; δ 248.90°; ρ 8.34°) and a depolarizer. Even though MM asymmetry appears hardly ever in the bibliography, recent works show results reporting matrix asymmetry of m 12 and m 34 elements in Spectralon measurements for different wavelengths and geometric configurations [11, 12] Lambertian behavior of Spectralon can be also analyzed by evaluating the parameter PM, as defined in Eq. (3). Usually, the smaller the values of PM, the stronger the depolarizing effect induced on scattered light. Figure 4 shows PM of Spectralon in normal incidence for all the analyzed wavelengths, together with the value for an ideal Lambertian surface (PM 0). As we can see, PM never reaches fully depolarizing values, even when scattering angle is close to backscattering direction. In this case, about 1% of the scattered light remains polarized, and this quantity increases with the scattering angle, getting over 5% for grazing observation.
B. Oblique Illumination
As happened with normal incidence, results were similar for all five wavelengths analyzed under oblique illumination. A complete set of measurements ranging from AOI 20°to AOI 85°in 5°i ntervals was performed, of which only MM graphs for AOI 40°, 75°, and 85°are shown in Figs. 5, 6, and 7, respectively, for λ 568.2 nm (but our conclusions should be representative of the general behavior in the spectral range analyzed-λ ∈ 488.0; 632.8 nm): Fig. 4 . PM for Spectralon SRS-99 standard at normal illumination. Black dots, Lambertian diffuser; blue circles, λ 488.0 nm; green triangles, λ 520.8 nm; pink squares, λ 530.9 nm; red diamonds, λ 568.2 nm; dark-red circles, λ 632.8 nm. 
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The main point in Fig. 5 is the shape of m 11 , close to that of a Lambertian diffuser (red line) around the surface normal. Obviously, the strongest deviation is found for high values of θ around the specular (Figs. 6 and 7) where the surface coherent scattering is predominant.
As a first approximation, valid for all angles, MM takes the form given by Eq. (7). The off-diagonal 2 × 2 boxes of Spectralon's MM are close to zero for all incidences and for all wavelengths, as can be expected in the case of reflection from an isotropic surface [35] . Even though m 23 and m 32 elements' average values are around 0.03, they are very close to being of some significance as a remaining activity. As for the diagonal 2 × 2 boxes, they deserve the following comments:
(i) The elements in the diagonal evolve almost identically. While they keep very similar to the normal incidence case for the backward scattering region (θ < 0°), in the forward scattering quadrant (θ > 0°) they increase monotonically with θ. In all cases m 22 > m 33 ≥ m 44 and all approach 1 when θ is close to 90°for AOI ≥ 75°. This means that near grazing observation Spectralon actually preserves the incident light polarization.
(ii) Diattenuation and polarizance (given by m 12 and m 21 , respectively) are very similar. Although they reach a value of just 0.02 in the backscattering region (θ < 0°), both of them evolve toward significant negative values in the forward region (θ > 0 o ). This behavior is general for AOI ≥ 45°and the location of the minimum depends on the AOI. Toward grazing observation m 12 and m 21 tend to zero again. Thus, the behavior of m 12 and m 21 differs from that observed in the normal illumination case, in the same terms that are shown in some references for BRDF measurements [7, 8] (BRDF-ss should be higher than BRDF-pp for AOI ≠ 0°and θ > 0°, and they evolve toward an inverse behavior for AOI ≠ 0°and θ < 0°, with BRDF-pp higher than BRDFss). Even for unpolarized light, when AOI ≠ 0 and θ > 0°Spectralon will differ from the Lambertian profile: polarizance element m 21 will convert unpolarized light into s-polarized light. Proportionally to m 21 , the higher the AOI, the greater the amount of s-polarized light produced. (iii) Absolute values of elements m 34 and m 43 are quite similar, and its opposite sign make of them an antisymmetric pair, as corresponding to a conventional retarder. The minimum of m 34 is obtained for θ ∈ 50°; 60° and is deeper for AOI ∼ 60°reaching a value of m 34 ≃ −0.15. Albeit the remainder elements are close to zero, the couple m 23 − m 32 deserves a particular comment. These elements are very close to being of physical significance and, moreover, they are symmetric. If this fact were related to common optical activity (rotation, as suggested in [12] ), other off-diagonal elements (such as m 24 and m 42 ) would be different from zero. However, m 24 and m 42 are near zero, then m 23 − m 32 symmetry is not related to optical activity, but to depolarizing diagonal and off-diagonal activity (elements a 1 , d 1 and d 2 in the depolarizing matrix). Figure 8 shows the depolarizing parameters related to the MM in Fig. 6 . Though there is a scattering region (nearby θ AOI) where a 1 and z i become significant, depolarizing off-diagonal parameters tend to zero for grazing incidence and scattering angles close to 90°. Regarding diagonal elements, d i , they are close to zero for θ < 30°, and they exponentially grow for θ > 30°. Depolarizing matrix turns into Identity matrix for grazing incidence and θ ∼ 90°.
C. Speckle Noise Influence
Although the problem of speckle is specifically addressed by other authors [4] , we think it deserves a few comments concerning our own measurements. In order to avoid speckle noise, an average was done over several points in a small region of the sample (∼25 mm 2 ) for AOI 0°and λ 632.8 nm. several spots on the Spectralon surface [6] , the comments about the significant nonzero average values remain valid.
Other averaging method is that performed on the observation angle. Figure 10 shows the MM behavior after an angular average over 5 deg, in a single measurement obtained at normal illumination and λ 632.8 nm. This average is good to describe the potential results obtained for a wider detector, yet it is not a proper way of reducing speckle noise because the nature of this average depends on the speckle size. In our case, speckle size is small enough as to make angular measurements independent from each other, and both averaging methods become very similar (the resulting MM elements averaged over all angles have a mean standard deviation of 0.016).
Finally, it is worth noticing that speckle noise is reduced by increasing AOI, as can be observed in Section 4.B (this is also observed in [4, 36] ). This phenomenon is a result of the speckle size reduction produced by the increase in the illuminated surface of the sample.
D. Lambertian Limits
The cosine shape of all m 11 curves is clear for θ < 0°, as summarized in Fig. 11 , while the departure from such Lambertian behavior is obvious for θ > 0°a nd AOI > 45°. This phenomenon, referred to as off-specular reflection, off-specular maximum, or super-reflection [33] , is mentioned in the bibliography and the surface facetting has been pointed out as the cause [7] .
Another view of the Lambertian behavior is offered by the degree of polarimetric purity, PM. This is represented in Fig. 12 in semi-logarithmic scale for several values of AOI at λ 568.2 nm. As we can see, PM differs from zero in the range analyzed. However, PM values are around 0.01 in the range θ ∈ −60°; 30° regardless of both AOI and wavelength. In other words, Spectralon SRS-99 bounces off 99% of fully depolarized light for −60°< θ < 30°i n the wavelength range from 488.0 to 632.8 nm, independently of the AOI (AOI > 0°), outlining a Lambertian reflectance profile. At normal incidence more than 98% of the reflected light is fully depolarized in the scattering range −60°≤ θ ≤ 60°(see Fig. 4) , with strong deviations when either θ ≤ −60°o r θ ≥ 60°. Such deviations increase dramatically for AOI > 45°and θ > 30°, resulting in a low depolarizing surface for these conditions. Since in all cases the experimental reflectance (given by m 11 ) approaches very well a Lambertian curve (apart from AOI > 45°and θ > 30°), all comparisons between theoretical models and experimental results should be consistent with this experimental fact. It is surprising to observe in the literature [12] strong deviations from Lambertian behavior for moderate AOI. It may be due to some anomaly in the experimental setup or, more likely, to the logical variability due to quality differences in Spectralon samples. In any case, models that fit the behavior of this standard [11, 12] could be helpful in understanding these fault lines.
Final Remarks and Conclusions
In this research we have done a fully polarimetric analysis of the in-plane light scattered by Spectralon SRS-99 when illuminated with a laser beam. The study was done for illumination geometries ranging from AOI 0°to AOI 85°, and light wavelengths from 488.0 to 632.8 nm. The effect of the speckle noise on the measurements has been specifically addressed. All the results have been analyzed both by the conventional MM interpretation and by PD. This second method in particular is very helpful to avoid misinterpretations of some of the MM elements that are found in the literature.
In normal illumination, the polarimetric response of Spectralon SRS-99 shows deviations from Lambertian as small as 2% in the range θ ∈ −60°; 60°. According to element m 11 , its deviations from the Lambertian regime are also smaller than 2% (within that range). However, Spectralon is no longer a perfect depolarizer when jθj > 60°, with deviations around 10%, as shown in the PM plot (see Fig. 4 ). Furthermore, those deviations increase drastically when Spectralon is analyzed in oblique illumination, AOI > 45°, and detection, θ > 30°.
With that said, under certain conditions of illumination and detection, Spectralon seems to be not just a good reflectance standard, but a polarimetry standard as well. Regarding that, for oblique illumination (AOI ≠ 0°) in the in-plane scattering region ranging from θ −60°to θ 30°, SRS-99 can be understood as a Lambertian diffuser, as well as a perfect depolarizer, within the same limits as a reflectance standard (99%), in a wavelength range from 488.0 to 632.8 nm.
Finally, on Spectralon when comparing our results with other previously published, we have noticed remarkable differences concerning its Lambertian character. Being a high quality and widely accepted reflectance standard, a check of the experimental repetitivity of the reflectance curves over a representative set of samples is advisable.
